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Abstract
The intensity of the LHC beam in the SPS is at present
limited both by known hardware restrictions and the
unexpected phenomenon of the electron cloud. The
former are progressively being removed by upgrades in
the various systems or will disappear when the machine
no longer accelerates leptons. The latter has added new
restrictions. The possibilities for intensity increase in
2000 and the compatibility of LHC beam MDs with
lepton acceleration are discussed.
1  INTRODUCTION
First steps were taken to accelerate the LHC batches of
84 bunches at the end of 1998. The intensity in these
batches was low, ~2x1012, and the time during the MD
was spent on adjusting basic parameters such as RF, tune
and chromaticity. During 1999 the intensity in a single
batch (84 bunches) from the PS and accelerated in the
SPS was slowly increased as different limitations due to
the local batch intensity were observed and overcome.
The final intensity accelerated in a batch was ~4x1012,
which corresponds to half the nominal bunch intensity
required.
At the end of 1999 it was possible to inject and
accelerate three batches from the PS, as is foreseen in the
final transfer scheme for LHC, and begin to study
limitations coming from total intensity. The maximum
intensity accelerated in three batches was ~8x1012,
corresponding to ~1/3 of the nominal LHC requirement.
Known limitations to the intensity are due to
equipment that must be upgraded in performance, such as
the 200 MHz travelling wave (TW) system or the
transverse damping system, and to equipment that will be
removed from the ring when LEP stops and leptons are
no longer accelerated in the SPS. To make progress in the
MDs it has been necessary to make modifications to some
equipment which prevents lepton acceleration - thus some
MDs have been incompatible with LEP filling.
The increase in intensity has led to an unexpected
limitation - the electron cloud effect. The electrons
produced affect the electronics of equipment such as the
damper and also cause beam instability. The pressure rise
associated with this effect causes problems for equipment
such as the 352 MHz super-conducting RF cavities.
In 2000 certain foreseen hardware upgrades will be
introduced. This in principle will allow an increase in
intensity. However the electron cloud effect will still exist
and this may very well be the intensity limitation in the
near future.
2. KNOWN LIMITATIONS
2.1 Super-conducting cavity limitations from
batch structure and impedance
A) Beam Loading
The PS beam has a residual modulation at ~8 MHz,
Fig.1, due to incomplete debunching of the beam on the
flat top at 26 GeV/c. Increasing the debunching time
decreases the modulation.
Fig.1 Injected batch of 84 bunches with residual
structure at ~8 MHz.
Fig.2 Batch structure at injection with increased de-
bunching time in the PS.
By chance, this modulation, close to the 9th harmonic
of the bunch spacing frequency, produces a line falling in
the bandwidth of the super-conducting (SC) cavities. The
cavities are held at zero voltage by strong RF feedback
and to do this the power amplifier must compensate the
beam-induced voltage. The extra modulation trips the
power amplifiers.
 Two steps were taken to overcome this. First the
coupling factor to the cavity was decreased from 700,000
to 45,000. More beam current can be compensated in this
way but it is no longer possible to produce the high
voltage for lepton acceleration. Hence LEP filling is
excluded. Secondly the debunching time in the PS was
increased. This reduces the residual structure, Fig.2, but
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larger emittance bunches, 0.5eVs, are produced due to the
microwave instability in the PS.
B) Impedance
The beam also becomes unstable at high energy due to
the SC cavity impedance, Fig.3. Active damping is used
to lower the impedance seen by the beam as this is more
effective than passive damping; both short-delay RF
feedback and one-turn delay feedback are used.
Fig.3 352 MHz beam component (linear) along the
cycle, 1 s/div. At top energy the beam becomes unstable.
The bandwidth of the cavity with feedback is ~400 kHz
and this makes the local intensity, averaged over several
Ps, important. The initial limit to batch intensity was
~5x1012 - equivalent to a fixed target beam of ~5.5x1013.
This limit was pushed to more than 5x1012 protons in one
batch by increasing the gain of the single turn loop.
Tests were made to try and predict the final intensity
limitation due to the supra impedance. One, two or three
batches were injected into the machine and the gain of the
one-turn feedback was decreased until instability was
observed. The main RF feedback was left at nominal
gain; the coupling was 45,000. Extrapolating from the
results of this experiment, the maximum stable intensity
for a nominal gain setting of four is:
  No. batches     N/batch   N total
1   ~10 x 1012    ~1013      
2   ~7.5 x 1012 ~1,5 x 1013
3   ~6.6 x 1012 ~2 x 1013
The gain can probably be increased a further factor 1.5
before reaching loop stability limits. There is also the
possibility of increasing beam stability with the 800 MHz
Landau system. The SC impedance should not be a
problem next year up to the nominal intensities.
3.2 Limitations from the TW cavity impedance
and the local intensity in the batch
A one one-turn feedback system is applied around all
TW cavities taken together to reduce the impedance seen
by the beam. The bandwidth of the cavities makes them
susceptible to the local intensity in the batch and there is a
strong transient beam loading voltage induced at the
passage of each batch.  The characteristics of this
transient voltage depend upon the cavity and feedback
frequency response together. At injection, the induced
voltage, comparable to and approximately in quadrature
with the required capture voltage, modifies the beam
distribution, which then alters the induced voltage. Above
~3x1012 losses occur leading finally to a stable situation
after some 10 ms. A strong ~1 MHz intensity modulation
along the batch is produced. This is shown in Fig.4.
Fig.4 Structure along the batch due to the beam/cavity
transient instability at injection.
During the year this situation has been improved by
raising the bandwidth in the feedback system and also by
using a higher capture voltage (which nonetheless leads
to emittance blow-up from filamentation). The present
limitation is ~ (5-6)x1012/batch. Next year there will be
one feedback per cavity with increased bandwidth, and
also a feed-forward system will be added to each cavity -
hopefully this intensity limitation will disappear.
Preliminary tests have been made on the feedback / feed-
forward combination and these look promising [1].
3.3 The damper
The damper is at present limited in bandwidth and does
not have the final power required to correctly damp the
injection oscillations [2]. These limitations lead to
increased transverse emittance, but do not give particle
loss. The main problems associated with the damper
come from the electron cloud [3].
4 UNEXPECTED LIMITATIONS - THE
ELECTRON CLOUD
4.1 Transverse damper
The effect of the electron cloud was first observed in
Dec. '98 when for intensities > 2.5x1012 / batch spurious
signals were seen at the output of the pick-up electronics.
It wasn't until the beginning of 1999 that the effect was
fully understood. Fig.5 shows the signal observed from
the individual plates of the pick-up during the passage of
the batch. The bandwidth of the sampled signal is not
high enough to completely resolve each bunch. Above the
threshold intensity for this effect the signal becomes
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seriously perturbed from about half-way along the batch.
At intensities of 5-6x1012, particle loss at the end of the
batch occurs.
Fig.5. The signal observed from the two electrodes of
the damper pick-up during the passage of the batch.
Horizontal scale 2 Ps/div.
This perturbation comes from the electrons produced
by the electron cloud effect. Various techniques were
tried to alleviate the problem. Biasing of the plates proved
to have a large effect but, as intensity dependent, was
delicate to use. A solenoidal field of ~100 Gauss,
produced by 20 A in a coil of eighty turns wound around
the pick-up, protected the pick-up to ~5x1012 /batch by
forcing the electrons to travel along the pick-up axis. The
effect is essentially low frequency and is strongly
perturbing since the electronics works at base-band from
the lowest betatron line (~kHz). With a bunched beam the
information repeats at multiples of the bunch spacing
frequency and so going to a higher frequency could solve
the problem. Fig.6 shows the resulting difference signal
obtained by demodulation at 200 MHz - a single batch is
observed over five turns.  The bottom trace shows the
equivalent perturbed base-band signal.
Next year the pick-ups will all be equipped with
electronics working at 120 MHz as this seems the
optimum frequency for signal to noise ratio [3].
4.2 Super-conducting Cavities
The pressure rise (up to 10 times or more according to
intensity) leads to interlock trips on the super-conducting
cavities.  Fig.7 shows the pressure measured in the cavity
as a function of beam intensity during three separate MDs
[4]. It is seen that the threshold varies from ~2x1012 to
~4x1012, but for all three the pressure rises exponentially
with the intensity. At 6x1012, the pressure is ~10-8 mbar.
Later measurements with 2 and 3 batches in the machine
showed that the pressure increases linearly with the
number of batches - the gap between the batches stops the
exponential rise. The main item of concern is the coupler
which even with zero volts in the cavity can carry points
of high voltage at full reflection. Experience has shown
that the maximum pressure that can be safely tolerated is
5x10-7 mbar. By extrapolation this will occur for a single
batch of ~7.5x1012 protons, below nominal. It is possible
that the coupler will need extra conditioning as the
pressure rises and also that the surface of the cavity will
become contaminated. This latter effect would lower the
quality factor leading to a higher RF and cryogenics
power demand at high voltage during lepton acceleration.
It is believed that this will not be a serious effect.
Fig.6. Difference signal from the damper pick-up.
Horizontal scale 100Ps/div. Upper trace signal obtained at
200 MHz, bottom trace that obtained at base-band.
4.3 Beam Stability
Transverse bunch oscillations have been seen, building
up in amplitude from near the middle of the batch to the
end of the batch [5]. The oscillation is strongest in the
vertical plane. In fixed target operation similar
oscillations have been observed in the horizontal plane
but never in the vertical. The instability occurs at
intensities where the pressure rise due to the electron
cloud effect is observed.
This does not cause particle loss but gives a vertical
emittance at top energy four times the injected value for
the highest intensities [6].
The damper is at the moment limited in bandwidth to a
few MHz. Next year this will be increased to ~12 MHz
and finally to >20MHz thus covering all possible
instability modes. If the mode of instability causing
emittance blow-up is dipole then next year some effect
from the improved bandwidth may be seen as mode
frequencies seem to be in the several MHz range.
5. MULTI-BATCH LIMITATIONS
The limitations described up to now have been those seen
with a single batch. During the last two MDs of the year it
was possible to increase the total intensity rather than the
local intensity by injection three batches from the PS.
Both the RF and damper systems, as they are at
present, have a sufficiently wide bandwidth that
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impedance effects come mainly from the local batch
intensity.


























Fig.7 Pressure rise observed in the super-conducting
cavities as a function of beam intensity during three
separate MDs
However the wake-fields do couple the batches and
consequently the different effects are amplified as batches
are added.
Fig.8 shows the result of injecting three batches, each
of intensity ~3.5x1012 into the ring. At the second
injection, a similar transient phenomenon as observed
with a single batch is observed but it is linked to the
structure on the first batch. Similarly with the third
injection the modulation is linked to the second. The
result is an intensity modulation along the three batches at
a frequency this time of ~0.5 MHz.
On the other hand, the electron cloud effect, which at
the highest intensities can lead to particle loss at the end
of the batch, acts independently on each batch injected.
The kicker gap decouples the batches.
6. CONCLUSIONS
x In 1999 the maximum total intensity in three batches
accelerated to 450 GeV was ~8x1012, this is one third of
the nominal LHC requirement.
x The maximum intensity accelerated in a single batch
was  ~4x1012 corresponding to a bunch intensity of about
one half the nominal.
x The hardware upgrades should slowly remove
restrictions on intensity during 2000.
x The electron cloud becomes the main limitation to
intensity increase. The damper hardware should be alright
with the new pick-up electronics but the pressure rise in
the SC cavities may limit the intensity to below the LHC
nominal value.
x The vertical emittance increase is worrying. Is there an
instability and can the damper cure it?
To study higher intensities it is interesting to inject
batches with missing bunches [7], if this restricts the
pressure rise as expected. The beam spectrum of these
batches is sufficiently close to nominal that progress with
the hardware upgrades can be continued.
Fig.8. The intensity modulation produced by the
injection of three batches of ~3.5x1012 protons.
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